The cytopathic effect of the polyarthritis strain of Chlamydia psittaci was studied in cultured bovine fetal spleen cells and found to be mediated by the release of lysosomal enzymes into the host cytoplasm during the late stages of chlamydial development. Ultrastructural cytochemical analysis and cell fractionation studies of infected cells revealed a close relationship between the stage of chlamydial development, fine structural features of the host, and localization of lysosomal enzyme activities. After adsorption, chlamydiae entered the host cells by endocytosis. The endocytic vacuoles containing individual chlamydiae and later the inclusion vacuoles containing the different chlamydial developmental forms were always free from lysosomal enzyme activity. Even after extensive multiplication of chlamydiae, lysosomal enzymes remained localized within lysosomes or their precursors in the host cell. Coincident with the process of chlamydial maturation, lysosomal enzymes were released into the host cytoplasm and were always associated with disintegration of host cell constituents and lysis. The chlamydiae appeared to be protected from this lysosomal enzyme activity by the inclusion membrane. After release from the inclusion, elementary bodies maintained their fine structural features, whereas all other chlamydial developmental forms lost their ultrastructural integrity.
The cytopathic effect of the polyarthritis strain of Chlamydia psittaci was studied in cultured bovine fetal spleen cells and found to be mediated by the release of lysosomal enzymes into the host cytoplasm during the late stages of chlamydial development. Ultrastructural cytochemical analysis and cell fractionation studies of infected cells revealed a close relationship between the stage of chlamydial development, fine structural features of the host, and localization of lysosomal enzyme activities. After adsorption, chlamydiae entered the host cells by endocytosis. The endocytic vacuoles containing individual chlamydiae and later the inclusion vacuoles containing the different chlamydial developmental forms were always free from lysosomal enzyme activity. Even after extensive multiplication of chlamydiae, lysosomal enzymes remained localized within lysosomes or their precursors in the host cell. Coincident with the process of chlamydial maturation, lysosomal enzymes were released into the host cytoplasm and were always associated with disintegration of host cell constituents and lysis. The chlamydiae appeared to be protected from this lysosomal enzyme activity by the inclusion membrane. After release from the inclusion, elementary bodies maintained their fine structural features, whereas all other chlamydial developmental forms lost their ultrastructural integrity.
Chlamydiae are obligate intracellular parasites widely disseminated in nature and responsible for diverse disease syndromes in animals and humans. These organisms are distinguished from other biological entities by a unique developmental cycle. Death and lysis of the host cell, which occurs upon completion of this developmental cycle, is closely linked with the release of mature and infectious chlamydial forms. Although many investigations provide detailed information about the developmental cycle, ultrastructural features, chemical composition, and biochemical functions of chlamydiae, few ultrastructural studies have been directed towards the chlamydia-induced lysis of the host cell. To elucidate the cytocidal mechanisms functioning in cell lysis, cultured bovine fetal spleen cells (BFS) were infected with a polyarthritis strain of Chlamydia psittaci and examined by ultrastructural cytochemistry and cell fractionation.
( (32) . Grids were examined with a Hitachi HU-12 electron microscope. Control samples of uninfected cells and infected cells processed without the acid phosphatase substrate, ,Bglycerophosphate, were studied in parallel. Samples without osmium tetroxide, uranyl acetate, and lead citrate were also examined.
RESULTS
Growth curve of chlamydial strain LW-613 and host cell death. A one-step growth curve of chlamydiae in BFS cells is illustrated in Fig. 1 . After adsorption, an initial decrease in the number of plaque-forming units continuing for 16 h postinfection was observed. The decrease in titer reflects reorganization of infectious elementary bodies to noninfectious reticulate forms (27) . Between 16 and 24 h the number of plaque-forming units began to increase, indicating the formation of infectious progeny. The process of secondary reorganization to form infectious elementary bodies continued until about 48 h postinoculation.
Host cell death was associated with this second reorganization from noninfectious reticulate forms to infectious forms. Most cells died between 24 and 36 h postinoculation, as indicated by loss of their ability to exclude trypan blue dye ( Fig. 1) and by cell lysis observed by light and electron microscopy (24) .
Cell fractionation studies of lysosomal enzymes in chlamydia-infected BFS cells. Infected and uninfected BFS cells were periodically harvested, disrupted by the Dounce method, and separated by differential centrifugation into sedimentable and supernatant fractions. Activities of the lysosomal enzymes acid phosphatase, arylsulfatase, and #-acetylglucosaminidase were measured. The percentage of activity of each of the three enzymes present in the supernatant fraction was calculated and plotted against the duration of infection (Fig. 2) . By 24 (Fig. 3) , and within lysosomes (Fig. 4) . The cytoplasmic matrix was free from electron-opaque reaction products. The electron-opaque reaction products were not observed in control cells processed in the same manner without ,B-glycerophosphate substrate for acid phosphatase. The fine structure of cells processed for acid phosphatase activity was well preserved.
The early events of infection, adsorption and entry by endocytosis proceeded without involvement of lysosomes. Endocytic vacuoles containing chlamydiae were always free from acid phosphatase activity. Primary reorganization and subsequent multiplication of reticulate forms occurred within an inclusion surrounded by a membrane derived from the endocytic vacuole (27, 37) . Release of acid phosphatase activity into the chlamydial inclusions was never observed (Fig. 5) . Even after extensive multiplication of reticulate forms, the fine structural features of the host remained intact and the acid phosphatase activity remained localized.
The process of chlamydial maturation to infectious dense forms and host cell lysis is illustrated in Fig. 6 to 9 . In the beginning stage of chlamydial maturation (Fig. 6 ) a few secondary reorganized forms and electron-dense mature forms are found among the reticulate bodies. At this stage numerous intact lysosomes are located at the periphery of the infected cells. Acid phosphatase activity was found localized within lysosomes. The first degenerative alteration observed during the late stage of chlamydial development was focal disintegration of the host cell (Fig. 7) . In those areas acid phosphatase activity was observed outside lysosomes within the host cytoplasm. Continued release of lysosomal enzymes resulted in acid phosphatase activity throughout the host cytoplasm (Fig. 8) . Associated with this activity was digestion of host cell organelles. Of the different cellular organelles, mitochondria retained their ultrastructural features longest.
A chlamydia-infected cell with total cytoplasmic disintegration and containing an ultrastructurally intact inclusion is shown in Fig. 9 . The physical limit of this cell is marked by the thin ballooning plasmalemma. The cell is devoid of all organelles; only a pyknotic nucleus FIG. 5 . Electron micrograph of an early stage of chlamydial development in a BFS cell processed for acid phosphatase activity. The early inclusion containing reticulated forms (RF) is free from the electron-opaque reaction products. x33,600. Ultrastructural cytochemical analysis of chlamydia-infected cells during all stages of parasite development revealed a consistent relationship between localization and containment of lysosomal enzymes, ultrastructural integrity of the host cell, and the different stages of chlamydial development.
After adsorption of chlamydiae and uptake by endocytosis, the usual host response to foreign bodies consisting of fusion of lysosomes with endocytic vacuoles and subsequent digestion of endocytized material was not observed for vacuoles containing chlamydiae. The mechanism by which chlamydiae avoid this fate is unknown; however, an interesting study of Friis (15) showed chlamydiae are digested by lysosomal enzymes if the chlamydiae are heat inactivated or treated with specific antiserum prior to infection. Apparently an intrinsic property of viable or antibody-free chlamydiae is essential to avoid the initial lysosomal response.
The promotion of intracellular fusion between lysosomes and endosomes containing parasiteantibody complexes is also reported for toxoplasma, tubercle bacteria, rickettsiae, and vaccinia virus (33) . This initial fusion of lysosomes and endosomes induced by antibody-coated parasites may be an important mechanism in neutralizing the infectivity of the infectious agent. The parasites listed possess the natural ability to avoid initiation of the lysosomal response in the absence of specific antibodies.
After uptake, primary reorganization and replication of reticulate forms proceeded within an inclusion surrounded by a membrane initially derived from the endocytic vacuole (37) . As chlamydiae multiplied, the inclusion membrane increased in size. According to Stokes (37) , the inclusion membrane is made primarily from membranes or membrane precursors present in the host cell prior to infection. Chlamydia-directed modification of the inclusion membrane through glycosylation (38) or by addition of fatty acids not found in uninfected cells is likely (13) . Chlamydia-mediated modification of the inclusion membrane may be important to further chlamydial development by regulating the flow of molecules between the parasite and the host cell and by limiting the lysosomal response. Lysosomal enzymes were not released into the inclusion. The chlamydial forms remained ultrastructurally intact and free from reaction products of acid phosphatase during the entire developmental cycle.
Throughout the course of extensive multiplication of reticulate forms, the fine structural features of the host cell remained intact. Consequently, host cell lysis is not simply due to increased chlamydial biomass. A viable host cell is essential because chlamydiae are dependent on host metabolic activity for the generation of energy and some precursors essential to their development (27, 28) .
Extensive ultrastructural and cytochemical changes occurred within the host cell as the chlamydial developmental cycle progressed through secondary reorganization to reform infectious elementary bodies. The dislocation of lysosomes towards the peripheries of infected cells was probably due to the displacement of lysosomes and other cell organelles caused by growth of the large centrally located chlamydial inclusions. This relocation of lysosomes observed in the late stages of chlamydial development is of strategic interest. Release of hydrolytic enzymes from lysosomes in the peripheral areas of infected cells leads to digestion of primarily host cell constituents. The released lysosomal enzymes contribute extensively to cell lysis. The different developmental forms of chlamydiae appear to be protected from this activity by the inclusion membrane. The action of lysosomal enzymes is followed by rupture of the host cell plasmalemma and the inclusion membrane, resulting in release of chlamydiae. After release, the mature elementary bodies which are known to be highly resistant to enzyme action and adverse environmental factors remain viable (27) . The earlier developmental forms appear degenerated.
The versatility of the lysosome response to chlamydiae and other intracellular parasites is remarkable. During the early stage of infection, failure of lysosomes to fuse with parasite-containing endosomes, as occurs with chlamydiae, enables the infectious process to' proceed (15) . In the unique case of reovirus infection, fusion of lysosomes with the reovirus-containing endosomes is essential to the infectious process by providing the mechanism for uncoating the viral genome (36) . In contrast, many organisms (and other foreign bodies) are digested and eliminated by the fusion of lysosomes with parasite-containing endosomes as originally described by Metchnikoff (26) .
In the later stages of parasite development, extensive release of lysosomal enzymes contributed to cell death as shown for chlamydiae (19) (20) (21) (22) and many cytolytic viruses (1-3, 8, 10, 11, 14, 17, 23, 29, 34, 36, 41) . A second and limited type of lysosomal enzyme release is reported to occur in polykaryon formation induced by viruses (30, 31) . Poste suggested that limited and focal release of lysosomal enzymes at the surface of the host cell plasmalemma would be necessary to destabilize membranes for virus-induced cell fusion (31) . Finally, in certain productive and nonproductive viral infections lysosomal enzymes are not released and the host cells are not killed. The failure of lysosomes to release enzymes may be an essential step in the formation of steady-state infections and virus-induced cell transformations.
The mechanisms which regulate the diverse spectrum of lysosomal responses in infections of cells are completely unknown. Most of the evidence for these responses is based on mechanical disruption of cells (10, 14, 17, 29, 34, 36, 41) , which in itself can cause release of lysosomal enzymes (18) , and on cytochemical studies at the level of light microscopy (1-3, [19] [20] [21] [22] [23] 30) . Unfortunately, light microscopy cannot resolve whether lysosomal enzyme activity occurs inside or outside of membrane-bound structures. The technique of ultrastructural cytochemistry as employed here to study the activation of lysosomes in the cytopathic effect of chlamydiae has the potential to resolve some of these controversies (7, 18, 23) concerning the interaction between intracellular parasites and lysosomes. This method should be more widely used to provide clearer insight into cytocidal mechanisms of viruses and other obligate intracellular parasites.
